Crop rotation was practiced in ancient times by alternating the use of leguminous and nonleguminous plants. The basis for the benefit derived from this practice was not understood, but it was observed empirically that crops were improved and the condition of the soil was maintained better with rotation than by continual cropping with nonleguminous plants. Rotation Lawes et al. (29) felt compelled to put the hypothesis of biological N2 fixation to the crucial test. They devised an experiment which was a model of thoroughness and they analyzed not only the plants, but the soil and even the pots in which the plants were grown. In preparation for the experiment, they heated the sandy soil to a high temperature to destroy organic material, and in the process killed the root nodule bacteria which are responsible for fixation of N., in association with leguminous plants. Thus, excessive care in experimentation destroyed the agents of fixation and led them to the conclusion that biological fixation of N. did not occur. Their experiments were performed so carefully that they appeared definitive in answering the question posed. However, there were a few skeptics, such as Atwater (1) in the United States, who continued to report evidence of biological fixation of N2.
The truly definitive experiments were performed by Hellriegel and Wilfarth in Germany; they reported their results at a meeting in Berlin in 1886 and published a comprehensive paper in 1888 (23) . They were interested in nitrate nutrition of plants and in their experiments included control plants to which no nitrate was added. The plants were grown on a sand substrate to minimize the amount of nitrogen supplied by the soil, and the growth response of peas was irregular. Some flourished on the nitrogen-free medium, whereas others showed minimal growth. Hellriegel and Wilfarth observed that the healthy green plants in every instance carried nodules on their root system. These leguminous nodules had been described on plants centuries earlier, but no one had recognized the significant fact that this was the seat of biological N. fixation.
Hellriegel and Wilfarth repeated their experiments but incorporated treatments in which soil was used to inoculate the seeds. As in the early experiments, the uninoculated controls showed an erratic response, dependent upon whether they were subject to chance inoculation. Plants inoculated with soil showed uniformly good growth, even on the nitrogen-deficient soil, and they were uniformly nodulated. Thus, Hellriegel and Wilfarth established the reality of biological N2 fixation and showed that N2 fixation is associated with the nodules of leguminous plants; the implication was clear that the nodules were induced by microorganisms.
Exploitation of N, Fixation. It was apparent from the experiments of Hellriegel and Wilfarth that biological fixation of N. had tremendous implications for agricultural practice. There were no adequate methods for the chemical fixation of N2 and agriculturalists were dependent upon the use of manures, guano, and plant residues to support the nitrogen needs of their crop plants. The clear-cut demonstration that one of the macronutrient elements for plants could be extracted from the inexhaustible reservoir of the air prompted agronomic and bacteriological investigations to determine the best methods to exploit the finding.
Although crops could be inoculated with soil from fields which had previously grown the same crop, it soon was established that controlled culture of the proper microorganisms furnished a more reliable source of organisms to add to the soil or to the seed at the time of planting. The production of commercial inoculants had a rather spotty history in the early days. Although some reputable groups supplied highly active cultures, there were numerous manufacturers with low standards who had little concern for the effectiveness of the bacteria or the viability of the cultures sold. Eventually, the production of inoculum came under government control or testing in many countries, and for many years it has been possible to buy highly effective inoculant in a convenient form for application to seed.
It is hardly surprising that early studies on N, fixation emphasized the application of the N2-fixing system in practical agriculture. It Free-living N2-fixing Organisms. The clear establishment that biological N2 fixation could occur prompted a search for organisms which could achieve fixation apart from any association with a host plant. Winogradsky (50) showed that certain clostridia were capable of fixing N2 and Beijerinck (3) showed that the azotobacter were representative of aerobic organisms which were capable of N2 fixation. Although there were indications that the blue-green algae could fix N2, these organisms commonly were contaminated with bacteria, and hence some question remained about their ability to fix N2. In 1928, Drewes (16) (2) that led to Bach's claim that cell-free N2 fixation could be obtained with extracts from Azotobacter chroococcum. The group at the Fixed Nitrogen Laboratory had tried repeatedly and unsuccessfully to obtain cell-free fixation as described by Bach et al (2) . Burk (40) did publish the results of his unsuccessful attempts to obtain cellfree fixation.
I believe that Burk's final contribution to the field of N.. fixation was a review article that he and I wrote for the 1941 Annual Review of Biochemistry (9) . This summarized our viewpoints on the subject, and in a few matters we noted that we were at odds. Burk and I ran a few joint experiments, and I was pleased to convince him that H2 was a competitive and specific inhibitor for N2 fixation in Azotobacter vinelandii, a point which he had long rejected.
The physical-chemical studies that On a sunny day, a substantial portion of a graduate student's time was spent filling the bottles with CO2. Although the system was cumbersome and demanding, it sufficed to establish the response of the symbiotic N2 fixation system to the partial pressure of N2 and 02. It also revealed that H2 was a specific and competitive inhibitor of N2 fixation.
This remarkable observation that H2 is an inhibitor met with skepticism, and it was necessary to show in rigorous fashion that the inhibition came from H2 itself rather than from some impurity in the gas. Tank H2 was scrubbed through a series of absorbants and passed through a furnace to remove any inhibitors. There were those in the laboratory who were leery of passing H2 through a furnace, despite assurances that nothing would happen as long as 02 was excluded. H2 was generated from a variety of sources, the rationale being that different sources would be unlikely to carry the same inhibitor. I generated H2 from Zn and HCI, from NaOH and Al, and electrolytically. Umbreit tested all of these, and in every case the inhibition by H2 was the same (49) . H2 remains the most specific of the inhibitors for biological N2 fixation.
Wilson mounted a remarkably broad attack on the problems of N2 fixation. Louise Wipf investigated the process of invasion and nodule formation and concluded that only the spontaneously polyploid cells were invaded by the rhizobia. Umbreit investigated the changes in nitrogenous composition of leguminous plants occurring under different treatments. Phil West established that biotin was a specific requirement for the growth of the rhizobia. Joe Burton and Orville Wyss investigated the excretion of fixed nitrogen from leguminous plants, (12) . In 1947, we reviewed all the evidence available at the time in support of the ammonia hypothesis (48) . A paper by Zelitch et al. in 1951 (51) Availability of consistently active cell-free preparations attracted an increasing number of workers to the field of biological N2 fixation and studies ramified. Active cell-free preparations were made from several organisms, and Bulen et al. (8) suggested the helpful modification of using Na2S2O4 as the electron donor for nitrogenase.
There had been interest, previously, in intermediates between N2 and NH3, but any nitrogen fixed was metabolized so rapidly by intact organisms that it had never been possible to recover any intermediates. It seemed that cell-free preparations should make it easier to demonstrate the occurrence of compounds at intermediate reduction levels. However, tests devised to recover intermediates such as diimide, hydrazine, or hydroxylamine from cell-free preparations vigorously fixing N2, revealed no intermediates even with the sensitive tracer technique. No one else had any greater success, and it was concluded that intermediates must remain bound to the nitrogenase enzyme throughout the reduction process until they are finally released as NH,.
It was obvious that detailed studies of nitrogenase required that the enzyme be purified. Mortenson and co-workers obtained evidence that there must be at least two components in nitrogenase. Mortenson (35) showed that nitrogenase consists of two proteins, a molybdenum iron protein and an iron protein. Neither of these has any catalytic activity by itself, but when the two are combined under proper circumstances, they will catalyze reduction of N2. Each laboratory devised its own means for separating and purifying the protein constituents, but in several laboratories these proteins have been brought to homogeneity from aerobic, anaerobic, and facultative organisms, and the molybdenum iron protein from Azotobacter vinelandii has been crystallized (10).
For a time, biochemical studies of N2 fixation centered on preparations from free-living organisms. However, Bond (7) continued an active program on the nonleguminous plants, Bergersen (5) obtained fixation of N2 with breis from soybean root nodules, and Evans et al. (27) obtained fixation by bacteroids and extracts from the bacteroids. These studies not only established that symbiotic N2 fixation in legumes was localized in the bacteroids rather than in plant tissue, but also showed that the role of hemoglobin in N2 fixation must be indirect. After Kubo (28) identified hemoglobin in leguminous root nodules and suggested that it influenced respiration of the bacteria in the nodules, there had been much speculation that the hemoglobin functioned directly in the binding and reduction of N2. Now we are essentially back at Kubo's position, but with the story much more fully developed (6). Dilworth (14) showed that two species of legumes infected with the same strain of the rhizobia produce different hemoglobins; it then was apparent that genetic information for the globin portion of hemoglobin is derived from the plant.
With methods available for obtaining pure enzyme components, biochemical and microbial geneticists were attracted to the field to attempt to control the production of either or both of the enzyme components by genetic manipulation. Genetic information has been transferred from Klebsiella pneumnoniae to Escherichia coli (15, 43) . Brill et al. (41) have been able to produce mutants deficient in either the molybdenum iron protein or the iron protein. A variety of mutants have supplied useful tools for further investigations of the mechanism of N2 fixation. Many groups now are busily engaged in attempts to insert genetic information for N2 fixation into nonleguminous plants, or to modify the proteins in such a way that N2 fixation is not repressed by the ammonia they produce (20) . The possibilities of extension of N2-fixing capacity to other plants, of improvement in its efficiency, and of enhancing the mutual interaction of free-living bacteria and nonleguminous plants look bright. Genetics of N2 fixation has attracted widespread research interest in recent years.
Nitrogenase has proved to be an unusually versatile enzyme. Obviously it binds N2 and reduces it, but the first inkling that it could bind some other material came with the observation by Wilson and Umbreit (49) in 1937 that H2 was bound at the same site. In 1954, Mozen (37) observed that nitrous oxide was reduced by Azotobacter vinelandii and by nodules from soybean plants. This constituted the first evidence that any substance other than N2 was reduced by nitrogenase. We verified this in 1960 and extended it to cell-free preparations in 1965. In 1965, Schllhorn, who was doing postdoctoral work in my laboratory, observed that azide and acetylene also were reduced by nitrogenase. In my correspondence with Dilworth at Christmas time, 1965, I discovered he independently had observed the reduction of acetylene. We had a lively correspondence for a few months and then published our observations independently. Schollhorn was of the opinion that acetylene was a competitive inhibitor of N2 fixation, whereas Dilworth's observations suggested that it was a noncompetitive inhibitor. Subsequent tests in our laboratory have shown that Dilworth was correct.
The observation of acetylene reduction led to the development of a simple technique for measuring N2 fixation. A number of groups contributed to the method, and at the September 1973 International Biological Program conference in Edinburgh, I described the history of development of the acetylene reduction technique. It is necessary here only to say that the method has given tremendous impetus to field studies of N2 fixation. The method has not always been applied wisely, but still it has been of real use in improving estimates of the quantity of N2 fixed under natural conditions. Hardy and Knight (22) in 1967 reported that cyanide was reduced by nitrogenase and Kelly et al. (26) in the same year year found that methylisocyanide also was reduced. Various analogs of a number of these compounds also are reduced by nitrogenase. The combination of the iron protein and the molybdenum iron protein plus ATP and a strong reductant will reduce protons to H2 and will act as an ATPase. The enzymatic versatility of nitrogenase is evident.
These various substrates appear to be reduced from a common pool of electrons, and hence, they inhibit each other. Inhibitors of interest, in addition to those which can be reduced, include such compounds as nitric oxide and carbon monoxide, both of which are unusually strong inhibitors of to reduce the molybdenum iron protein of nitrogenase. The reduced molybdenum iron protein serves as an electron sink for the reduction of the various substrates of nitrogenase, and the molybdenum iron protein becomes reoxidized in the process. The four sides of the electron sink rectangle represent enzyme sites modified to give each special characteristics, e.g. N2 and N20 compete for a common site, and N3, CN, and CH3NC compete for a common site. H2 evolution via hydrogenase does not require ATP but is CO-sensitive, whereas H2 evolution via nitrogenase requires ATP but is insensitive to CO.
A number of problems remain for future resolution of the mechanism of N2 fixation. For example, we have very sketchy evidence to support the binding of substrates to the molybdenum iron protein. The rate-limiting reaction must be defined. The mode of action of carbon monoxide must be determined, because it inhibits all nitrogenase reactions except for the production of H2. The point at which ATP is hydrolyzed has not been established, and data supporting formation of a persistent complex between the iron protein and the molybdenum iron protein still are controversial.
In the last decade or so, the study of biological N2 fixation first became respectable and then became highly popular. Except for work at the Fixed Nitrogen Laboratory, research on biological N2 fixation had been performed primarily at universities and experiment stations rather than at laboratories organized to investigate N2 fixation. A number of things have contributed to the tremendous expansion of interest in biological N2 fixation in recent years, among them the general expansion in biological sciences, the interest in the role of N2 fixation in eutrophication of lakes (18) , the advent of the acetylene reduction technique which makes it relatively easy to study fixation in the field, the concern with toxicity of nitrates and nitrites arising from fertilizers, and the observation that progress is being made in re-search on N2 fixation. A concern with increased food productivity, and particularly the rapid rise in popularity of soybeans as a crop, have sparked interest in the study of the symbiotic N2 fixation system. The fact that nonsymbiotic bacteria associated with the roots of nonleguminous plants can be responsible for substantial N2 fixation also has triggered expanded research in this area. Finally, the energy crisis has brought people to the realization that dependence upon N2 fixation by the Haber process carries with it a demand for a tremendous energy expenditure, an energy demand which has dictated a substantial rise in the cost of nitrogenous fertilizers. It is recognized that as an alternative to the Haber process, the agricultural economy can depend more extensively on biological N2 fixation, a process which derives its energy from the sun.
Research on biological N2 fixation grew modestly for a long period. As the importance of the process has become more widely recognized, there has been a surge of interest in intensifying research on N2 fixation. The research has been productive in clarifying old problems and opening new horizons.
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